Abstract Apoptosis is a process by which cells undergo a form of non-necrotic cellular suicide. Although it is a programmed process, apoptosis can be induced by various stressors. During sepsis, apoptosis has been regarded as an important cause of cell death in the immune system, leading to unresponsiveness to treatment. This study was designed to investigate how prior heat shock induction can influence the rate of apoptosis in animals that have experienced sepsis. Sprague-Dawley rats were used, and experimental sepsis was induced by cecal ligation and puncture (CLP). Animals in the heated group were anesthetized and received heat shock by whole-body hyperthermia. They were sacrificed 9 h and 18 h after CLP as early and late sepsis, respectively. Apoptosis was evaluated by ''DNA ladder'' detection in agarose electrophoresis and Tdt-mediated dUTP nick end-labeling (TUNEL) assay. Hsp72 was detected by Western blot analysis. The results showed that the DNA ladder was detected most clearly in the thymus at the late phase of sepsis with time course dependence, while it showed less clearly in heat shock treated animals. Histopathological study by TUNEL assay obtained similar results in the thymus, where the cortex was more susceptible to apoptosis than the medulla. The Western blot analysis showed that the heat shock induced Hsp72 concomitant with an increase in Bcl-2:Bax ratio. In conclusion, heat shock pretreatment prevents rats from sepsis-induced apoptosis that may account for the better outcome of experimental sepsis. An increase in the Bcl-2:Bax ratio may in part explain the molecular mechanism of the effect of heat shock pretreatment.
INTRODUCTION
Sepsis is regarded as a major initiator of multiple organ dysfunction syndromes and remains a leading cause of mortality in medical critical care (Parrillo 1993) . The septic process triggers a series of as yet unknown events, even when the invading pathogen is successfully eradicated, and patients may continue to worsen with sequential loss of organ function. Despite advances in medical equipment and the administration of new drugs, mortality rates remain high. For decades, the pathogenesis of sepsis has been extensively investigated in animal studies, but our understanding of the subject remains limited.
In the last decade, a novel therapeutic strategy has been introduced to reduce the subsequent injury by using the protective function of the heat shock response. In re-sponse to various stresses, a series of highly conversed proteins named heat shock proteins (Hsps) can be induced. Amazingly, no Hsps are induced by cecal ligation and puncture (CLP)-induced sepsis or endotoxin-induced shock Yang et al 1998) . In our previous study, we showed that heat shock pretreatment significantly reduced the mortality rate of rats with CLP-induced sepsis: 50% vs 0% at 18 h, 90% vs 0% at 24h, and 100% vs 50% 48 h after CLP operation in the control and preheated groups, respectively (Yang et al 1998) . Similar results were also obtained from studies that involved the administration of sodium arsenite . However, it is unclear how a previous heat shock treatment protects subjects from sepsis.
In recent years, a possible cause of progressive organ failure in sepsis, called programmed cell death or apoptosis, has been suggested (Ayala et al 1995; Hiramatsu et al 1997) . Apoptosis can be defined by either morphologic or biochemical criteria (Kerr et al 1972) . The mor-phologic changes include condensation of nuclear chromatin, aggregation of cytoplasmic organelles, and blebbing of cell membranes. The most common biochemical feature of apoptosis is the fragmentation of DNA (DNA ladder formation) caused by endogenous endonuclease activity (Hale et al 1996) . During the process of apoptosis, a progressively growing number of factors or proteins has been documented. The Bcl-2 family of proteins is considered to constitute a critical intracellular checkpoint of apoptosis within a common cell death pathway. Some proteins of this family, such as Bcl-2 and Bcl-L , function as apoptosis suppressors. Other Bcl-2 homologues, including Bax and Bak, have a powerful apoptosis-promoting ability (Chao and Korsmeyer 1998; Wang and Reed 1998) . The balance of expression of the Bcl-2 family contributes directly or indirectly to the induction of apoptosis. While the regulation of apoptosis has been extensively studied, little is known about the mechanisms of cell survival or death during sepsis. However, it is reasonable to hypothesize that modulation in the outcome of sepsis in heat shock-preconditioned rats may be related to the intensity of sepsis-induced apoptosis.
Therefore, this study was performed to determine how prior heat shock induction can influence the rate of apoptosis in animals that have experienced sepsis, with a discussion of the roles of Bcl-2 and Bax.
MATERIALS AND METHODS

Animals
Experiments were performed on adult male SpragueDawley rats (weighing from 270-350 g) obtained from the National Experimental Animal Center (Nan-Kang, Taipei, Taiwan). The experiments conducted in this study were approved by the Animal Committee of the Kaohsiung Medical College, and the authors adhered to the guidelines laid down by the National Institutes of Health for the use of experimental animals. The animals were divided into the following groups: sham operated group (no sepsis) (n ϭ 6); sham heated early sepsis group (n ϭ 6) of 9 h after CLP operation; sham heated late sepsis group (n ϭ 6) of 18 h after CLP operation; and preheated late sepsis group with heat shock treatment 24 h before CLP operation (n ϭ 6).
Induction of sepsis
Sepsis was induced by cecal ligation and puncture (CLP) as described previously (Yang et al 1998) . Briefly, animals were deprived of food, but water was permitted for 6 h prior to the operation. Under light ether anesthesia, a laparotomy was performed through a midline abdominal incision. The cecum was pulled out and ligated just below the ileocecal valve. The ligated cecum was punctured twice at different sites with an 18-gauge needle, and the cecum was gently compressed until feces were extruded. The bowel was then returned to the abdomen, and the abdominal incision was closed in 2 layers. Control animals underwent a sham operation (a laparotomy was performed and the cecum manipulated but neither ligated nor perforated). All animals were given with 5 mL/ 100 g body weight of normal saline subcutaneously at the completion of surgery and also at 9 h postoperatively to provide replacement for the extracellular fluid sequestered during peritonitis. Animals were deprived of food but had free access to water after surgery. The thymus, spleen, Peyer's patch, lung, kidney, liver, and lymphocytes were collected and frozen as quickly as possible in liquid nitrogen and stored at Ϫ20ЊC.
Heat shock treatment
Rats of the preheated late sepsis group received heat shock by whole-body hyperthermia with an electric pad after pentobarbital anesthesia as described previously (Patriarca and Maresca 1990; Yang et al 1996) . When the rectal temperature reached 41ЊC, it was maintained between 41ЊC and 42ЊC for 15 min. After the heating pad was removed, the rectal temperature was kept at 37ЊC until consciousness was completely regained. Attention was paid to ensure that the rat's airway was free of obstruction. The heated rats were put back in their cages to recover for 24 h. The rats of the sham heated control group were also anesthetized, but no heating was applied.
DNA extraction and qualitative analysis of DNA fragmentation by gel electrophoresis
Tissue preparation and DNA extraction were performed as described by Kaufman et al (1995) . In brief, tissues of target organs were ground in a clean mortar in liquid nitrogen. The powder was submerged in a 2-mL microtube containing 8 to 10 volumes of lysis buffer (100 mM NaCl; 10 mM Tris-Cl, pH 8.0; 25 mM EDTA, pH 8.0; 0.5% sodium dodecyl suflate [SDS] ; RNase at a concentration of 1 mg/mL/100 mg tissue) and then homogenized by a plastic homogenizer. The microtube was incubated at 37ЊC for 30 min. After proteinase K at a final concentration of 100 L/mL was added, the homogenate was incubated overnight at 50ЊC. DNA was then extracted with equal volume of phenol/chloroform/isoamyl alcohol. After centrifugation for 10 min at 12 000 ϫ g, the aqueous layer was decanted and a half volume of 7.5 M ammonium acetate and 2 volumes of absolute alcohol were added. The precipitated DNA was collected by centrifugation, rinsed with 70% ethanol, and then dissolved in TE buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA). The concentration of DNA of each sample was estimated by measuring the optical density at 260 nm. Specimens containing 8 g of DNA were applied to a 2% agarose gel and subjected to electrophoresis for 1 h at 100 V. The gel was stained with ethidium bromide and photographed under UV illumination.
Histopathological evaluation of apoptosis by Tdtmediated dUTP nick end-labeling (TUNEL) method
The samples were paraffin embedded, cut into 4-mthick slices, and stained by the fluorescence TUNEL method. The TUNEL assay was performed using the In Situ Cell Death Detection Kit (Boehringer Mannheim GmbH, Germany). In brief, the samples were dewaxed, rehydrated, and then incubated with proteinase K (20 g/mL in 10 mM Tris/HCl, pH 8.0) at 37ЊC for 30 min. After they were washed twice with PBS, 50 L TUNEL reaction mixture were added to the samples. Slides were incubated in a humidified chamber at 37ЊC for 60 min in the dark and then rinsed three times in PBS. The fluorescent TUNEL-labeled slides were photographed using a fluorescence microscope.
Western blot and immunochemical analysis
Total cell extraction was prepared and estimated quantitatively using an assay kit (Bio-Rad Co., Hercules, USA) and spectrophotometer (model U-2000, Hitachi Co., Tokyo, Japan) at 595 nm. Equal amounts (20ug) of protein extract were loaded and separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a membrane by semidry transblotter. Hsp72 and ␤-tubulin were detected simultaneously. Monoclonal antibodies specific for Hsp72 (Boehringer Mannheim) and for ␤-tubulin (Boehringer Mannheim) were utilized as the primary antibody, while anti-mouse immunoglobulin G conjugated with peroxidase (Boehringer Mannheim) was used as the secondary antibody. The expression of Bcl-2 and Bax were analyzed on 16% SDS-polyacrylamide gels. Polyclonal antibodies of Bcl-2 (Transduction Laboratories, USA) and Bax (Santa Cruz Biotechnology Inc., USA) were applied as the primary antibody, while anti-mouse and anti-rabbit immunoglobulin G conjugated with peroxidase (Boehringer Mannheim) were used as the secondary antibody, respectively. The blots were developed with the BM Chemiluminescence Western blotting kit (Boehringer Mannheim) and autoradiographed. The results were quantified by a densitometer and analysis software (Bio-1D V.97 software, Vilber Lourmat, France).
RESULTS
Detection of DNA ladder in different tissues from rats of sham heated-late sepsis
Results of DNA fragmentation assays were shown in Figure 1 . In sham heated late stage of sepsis, DNA ladder formation could be detected in the kidney, lung, spleen, Peyer's patch, and most apparently in the thymus. No DNA ladder was visualized in the liver or lymphocytes by this method.
Protective effect of heat shock pretreatment on apoptosis in thymus of late sepsis
The thymus was selected as the target organ for its highest expression of apoptosis in late sepsis. As shown in Figure 2 , no DNA fragmentation was detected in the sham operated group (lane S) by this method. Following the CLP-operation, the ladder developed in both sham heated early sepsis (lane E) and sham heated late sepsis (lane L), and the ladder in late sepsis was more distinct than that in early stage, suggesting a qualitatively timedependent effect. As predicted, the DNA ladder of the thymus in the preheated late sepsis group (lane HL) was less apparent compared with that of the sham heated group. Histopathological study of apoptosis in the thymus by TUNEL assay TUNEL assay was utilized to observe the severity and distribution of apoptotic cells in the thymus, and the results are shown in Figure 3 . Apoptotic cells could be detected and visualized by fluorescent emission. By fluorescent microscopy, there were few apoptotic cells in the sham operated group (panel A). Under high magnification, apoptotic cells showed typical features, such as intensive staining, highly condensed chromatin, fragmented nuclei, and cellular fragmentation into apoptotic bodies (panel E). In the sham heated sepsis specimens, apoptotic cells were well stained and more distributed in the cortex than the medulla of the thymus. The number of apoptotic cells in the cortex increased after CLP-operation (panels B and C). As shown in panel D, sepsis-induced apoptosis was clearly inhibited by heat shock pretreatment.
Detection of Hsp72 in the thymus
In this study, tubulin was detected simultaneously, acting as an internal standard. As shown in Figure 4 , Hsp72 could be detected in the sham operated group. There was, however, no excessive expression after CLP-operation, neither in the sham heated early nor in the sham heated late stage of sepsis. The specimens of the preheated group showed a significant induction of Hsp72 synthesis, which was 3 times more than that of the nonheated group, indicating the presence of a heat shock response.
Detection of Bcl-2 and Bax in the thymus of sepsis
The expression of Bcl-2 in the thymus of sham heated late sepsis decreased with a significant difference in the sham operated group (P Ͻ 0.05). There was, however, no significant change in the Bcl-2 expression during late sepsis between the sham heated and the preheated group, indicating that sepsis induced suppression of Bcl-2, which was not influenced by heat shock preconditioning. In the Bax expression, despite no significant change in the thymus of the sham operated, the sham heated early and the sham heated late sepsis, it decreased significantly in preheated late sepsis (P Ͻ 0.05). As a result, the ratio of Bcl-2 to Bax apparently increased in the preheated group of late sepsis (Fig 5) .
DISCUSSION
Apoptosis is an active gene-directed cellular self-destruction that may occur under physiologic and pathologic conditions, with distinct morphologic and biochemical changes. Disorders in the regulation of apoptosis seem to have been vital determinants in the pathogenesis of diseases, such as cancer, AIDS, or neuron degenerative disorders (Hale et al 1996) . Apoptosis is also an important cause of cell death in the immune system (eg, in the thymus, spleen, and lymph nodes, during and after viral and bacterial infection or lipopolysaccharide injection; Hiramatsu et al 1997). Despite limited research, it has been speculated that apoptosis may contribute to organ failure (Ayala et al 1995; Hiramatsu et al 1997) .
In this study, we chose the CLP-induced sepsis animal model because of its exhibition of a biphasic dynamic change in the disease process, which is similar to the clinical findings in septic patients (Hwang et al 1994) . The DNA electrophoresis in agarose gel showed that the DNA ladder was detected most clearly in the thymus obtained from CLP-operated rats. Characteristic findings were also observed in the spleen, lung, kidney, and Peyers' patch but not in the liver or lymphocytes. These results were in agreement with a previous study of Hotchkiss et al (1997) . It was shown that the thymus is one of the most sensitive organs for CLP-induced apoptosis. Results were confirmed by the TUNEL method in the present study. Furthermore, the severity of apoptosis represented a progressive response in the course of sepsis.
Apoptosis has been reported to be a self-protective phenomenon of organisms in the face of complex pathophysiological conditions during sepsis, allowing the body to down-regulate the intense inflammatory response caused by necrosis (Cobb et al 1996) . However, most studies have suggested that extensive apoptosis does harm to general physiological functions of tissues or organs. Ayala et al (1996) reported that apoptosis in mucosal B cells (eg, Peyer's patch) induces the breakdown of gut barrier integrity during sepsis, leading to a marked influx of enteric antigens. In addition, LPS induces a disseminated form of endothelial apoptosis that may be necessary for the development of endotoxic shock (Haimovitz-Friedman et al 1997). Apoptosis also takes place in the bone marrow, leading to a failure in the development of host immunity by immaturation of T cell and/or B cell during sepsis . Furthermore, apoptosis has been reported to contribute to the progression of multiple organ failure during sepsis (Haimovitz-Friedman et al 1997; Hotchkiss et al 1997; Hiramatsu et al 1997) . It is obvious that nonphysiological apoptosis is harmful to cells or organisms.
From both the results of agarose gel electrophoresis and those of the TUNEL method, it is clear that heat shock pretreatment attenuated the severity of apoptosis during late sepsis, when the Hsps were also overexpressed. Heat shock treatment may induce various metabolic or biochemical alterations in the body, but Hsp synthesis seems to be the major one. The relationships between Hsps and apoptosis have been well described in vitro. The induction of thermotolerance protects cells from heat and TNF alpha-and ceramide-induced apoptosis in mouse embryo fibroblasts, and Hsps have been categorized as a class of antiapoptotic proteins (Buzzard et al 1998) . Enhancement to Hsp70 synthesis is correlated with resistance of DNA fragment development and apoptosis induction (Mosser and Martin 1992; Gordon et al 1997) . On the contrary, quercetin inhibited the synthesis of Hsp70 and resulted in apoptosis. Furthermore, when tumor cells were first exposed to heat shock, no apoptosis was induced by quercetin (Wei 1994) . In the present study, there is no evidence to show the direct correlation between Hsps and the attenuation of apoptosis. There is, however, no doubt that the heat shock response was successfully induced by the heat shock treatment as evidenced by Hsp72 synthesis. Our in vivo study confirmed the event that heat shock pretreatment inhibited the sepsis-induced apoptosis and that this may have contributed to the decrease in mortality revealed in previous studies.
Hsps have been known to influence general cellular metabolism through various mechanisms. Hsps functioning as molecular chaperones have been shown to help facilitate different stages of protein metabolism, such as transportation of premature protein, folding of native conformations of nascent polypeptides, and refolding of denature proteins (Gething and Sambrook 1992) . Hsp assists in the transfer of newly synthesized protein into mitochondria, helping to maintain overall mitochondrial integrity (Stuart et al 1994) . In terms of energy metabolic homeostasis, Hsps have been demonstrated to participate in ion compartmentalization, including a decrease in Ca 2ϩ efflux from the endoplasmic reticulum, a crucial step of apoptosis (Kroemer et al 1998) . In addition, Hsp may be involved in preserving cellular ATP levels (Wong et al 1997) , producing ATP (Polla et al 1996) and preventing NAD ϩ and ATP consumption (Bellmann et al 1995) . The regulation of energy metabolism and ion compartmentalization by Hsps may, in part, influence the progression of sepsis induced-apoptosis.
In terms of regulation of apoptosis, many factors have been reported, including Bcl-2 subfamily and Bax subfamily (Hale et al 1996) . Some of Bcl-2 family members, such Bcl-2 and Bcl-L , function as cell-death suppressors. Bcl-2 has been reported to participate in the antiapoptotsis effect by several pathways: prevention of activation of caspase cascade (Shimizu et al 1996) , blockage of mitochondrial membrane potential loss (Shimizu et al 1996) , inhibition in the release of cytochrome c from mitochondria (Kluck et al 1997; Yang et al 1997) , or regulation of endoplasmic reticulum-associated Ca ϩϩ fluxes (Distelhorst et al 1996) . When Bax was overexpressed relative to Bcl-2, the Bax-Bax heterodimer increased, and apoptotic death was accelerated in response to the death signal. In contrast, when Bcl-2 was overexpressed, it heterodimerized with Bax and homodimerized with itself, and death was repressed. The ratio of Bcl-2 to Bax, instead of each to itself, has been considered more important in determining the susceptibility to apoptosis (Oltvai et al 1993; Chao and Korsmeyer 1998; Reed 1998; Wang and Reed 1998) . In this study, we found that Bax expression was down-regulated, even though the Bcl-2 did not change significantly. Accordingly, the Bcl-2:Bax ratio appeared to increase in the preheated late sepsis group. We suggest that heat shock pretreatment inhibits Bax expression, resulting in an increase in the ratio of Bcl-2 to Bax, and contributes to an inhibition of apoptosis induction at the terminal state of sepsis.
In conclusion, heat shock pretreatment prevents rats from sepsis-induced apoptosis that may contribute to the better outcome of experimental sepsis. Although further investigation is needed, the increase in the ratio of Bcl-2 to Bax expression by heat shock response may in part explain the molecular mechanism of the effect.
